perimental determinations. For the determination of thermal conductivity, either transient or steady state heat transfer methods are used depending upon the nature of the material.
Up to now, many researchers have measured the thermal properties of foods applying various measurement techniques that can be found in the literature. Some comprehensive reviews have also been published. However, the information regarding the thermo-physical properties of dough and bakery products during baking is scarce when compared with other products. CHOI and OKOS (1985) established the general mathematical models to predict the thermal properties of food products. It was developed on the basis of the thermal properties of each pure component and its weight fraction that was an easily measurable factor compared to the volume fraction. These mathematical models were established for the temperature range of -40°C to 150°C. CALIFANO and CALVELO (1991) calculated the thermal conductivity of potato on the basis of the heat penetration into cylindrical samples between 50 and 100°C. They found that thermal conductivity varied with temperature in a quadratic polynomial form. WILLIX et al. (1998) reported thermal conductivity as a function of temperature for 27 foods in the temperature range of -40°C to +40°C determined by a guarded hot plate apparatus. An artificial neural network (ANN) approach was used to model the thermal conductivity of bakery products as a function of the product moisture content, temperature, and apparent density (SABLANI et al. 2002) . The model developed was capable of predicting the thermal conductivity values of various bakery products for a wide range of conditions with the mean relative error of 10%, and the mean absolute error less than 0.02 W/mK. KULACKI and KENNEDY (1978) reported the results of an experimental study on the thermal conductivity of two different types of standard dough: AACC and hard-sweet formula. In the present experiments, a single plate thermal conductivity apparatus was used. Thermal conductivity was determined in the temperature interval of 24.35°C to 64.15°C. GRIFFITH (1985) determined the thermal conductivity of a reconstituted cornbased tortilla dough using the temperature history method. The author calculated thermal conductivity from the slope of the time-temperature curve and the temperature difference between the center and the surface. MOREIRA et al. (1995) gave very useful experimental tips for the thermal conductivity measurement of thin products (tortilla chips) using a line heat source probe. GUPTA (1993) used the guarded hot plate steady state method with a slight modification to suite the shape and size of rolled or baked chapati. The thermal conductivity of the test materials was measured at 35, 44, 53.3, and 62.5°C. Based on the experimental thermal conductivity values of wheat flour dough and baked chapati, the author developed equations for the moisture range of 35% to 50%, temperatures 30°C to 60°C, and density of 1000-1200 kg/m 3 . BAIK et al. (2001) discussed both the common and the new measurement techniques, prediction models, and published data on thermo-physical properties of bakery products: specific heat, thermal conductivity, thermal diffusivity, and density. Table 1 . The composition of "Mlinci" dough T-500 and "Mlinci" dough T-500 with different addition of wheat germs, wheat bran and egg
Ingredient
Weight (kg)
T-500 T-500 + eggs T-500 + wheat germ T-500 + wheat bran Flour The objective of this study was to determine the thermal conductivity of basic "Mlinci" dough T-500 and "Mlinci" dough T-500 with different additions, and to find the relationship between thermal conductivity, temperature and composition.
MATERIALS AND METHODS

Materials.
The measurements of thermal conductivity were performed with the basic "Mlinci" dough T-500 and with the "Mlinci" dough T-500 with the addition of fresh eggs, wheat germs and wheat bran. The amount of flour in the basic composition of "Mlinci" dough T-500 was substituted by 20% wheat germs and bran (Table 1) .
"Mlinci" dough T-500 samples were prepared in the industrial laboratory Đakovština Food industry and cereals trade P.C. Tena, Đakovo, Croatia. The samples of "Mlinci" dough T-500 were prepared by mixing flour T-500 with water and kneading the mixture in a low batch mixer for 15 min. After resting of 15-20 min, the dough was divided, rounded and flattened in the rolling machine (Roll-fix) to a flat round cake with a thickness of 3 mm and diameter of 111.5 mm.
Methods. The composition of the test materials was analysed using ICC standard analytical methods. The ICC standard No. 104/1 was used for the determination of ash, and standard No.110/1 for the determination of moisture. The composition of the stabilised wheat germs, wheat bran, and flour was determined in the analytical laboratory Đakovština Food industry and cereals trade P.C. Tena, Đakovo, Croatia ( Table 2 ).
The density of dough was determined by weighing a known volume of the dough. The contents of protein and starch were calculated according to the above mentioned data (Table 3) .
Thermal conductivity was determined by means of the apparatus TC-1 that represents a modification of the guarded hot plate steady state method as described in ASTM Standard C 177-76 (ANONYM 1976) for dough. This is a single-plate thermal conductivity apparatus with the adaptability to different test specimen thickness (3-10 mm) and various homogeneous food materials. The tem- Experimental procedure and calculation. The test specimen whose composition and density have been determined previously is placed between the heated and the cooled plates and the steady state heat flux and temperature difference across the specimen are measured. After a certain period of time, depending on the characteristics of the material, the temperatures of the heated and cooled surfaces of the material and the final temperature of water for the accumulation of energy become constant, indicating that the steady state has been reached. All results of the measurements are stored in the computer and used in the calculations of thermal conductivity. The experiments are repeated at least five times.
According to Fourier's law of unidirectional conduction steady state rate heat flow through the material:
where: q -steady state rate of heat flow through the material
The heat transferred through the material heats the water in time ∆t. Thus, total heat is:
Equating (1) and (2), ignoring the heat loss at the steady state and rearranging:
where: k -thermal conductivity (W/m K) W -mass of water for the accumulation of energy (kg) c p -specific thermal capacity (J/kg K) T f -final temperature of water for the accumulation of energy (K) T i -initial temperature of water for the accumulation of energy (K)
∆x -thickness (m)
A -area surface (m 2 )
∆T -temperature difference between the heated and the cooled surfaces (K) ∆t -time for reaching the steady state (s)
For the data analysis, the Standard Practice for Statistical Treatment of Thermoanalytical Data (ANONYM 2000) was used.
RESULTS AND DISCUSSION
The thermal conductivity of "Mlinci" dough T-500 samples determined by the present method are reported in Table 4 and graphically presented in Figure 1 . In Figure 1 , it can be seen that for all types of "Mlinci" dough T-500 samples in the temperature range of 40 to 70°C, thermal conductivity first increased with temperature up to 50°C, then it slightly increased to maximum values at 54°C for "Mlinci" dough T-500 with wheat germs and bran.
The maximum values of thermal conductivity for 
"Mlinci" T-500 "Mlinci" T-500+eggs
"Mlinci" T-500+germ "Mlinci" T-500+bran
"Mlinci" dough T-500 and "Mlinci" dough T-500 with eggs were at 58°C. Thermal conductivity decreased after reaching maximum values. Minimal value of thermal conductivity of 0.347 ± 0.020 W/mK was determined with "Mlinci" dough T-500 at 39.38°C, and maximal value of 0.585 ± 0.043 W/mK was determined with "Mlinci" dough T-500 with wheat bran at 54.39°C.
The data in Figure 1 indicate a reasonable trend for the temperature dependence of thermal conductivity. That kind of trend of AACC, hard-sweet dough, and chapatti was also reported in the literature. The thermal conductivity values of dough and chapati increased with temperature below 60°C but decreased above 60°C (KULACKI & KENNEDY 1978; GUPTA 1993) . The author attributed this phenomenon to physico-chemical changes that take place above 60°C. The dough constituents react on heating to give rise to intermolecular and intramolecular cleavages which produce highly crosslinked macromolecular structures. Due to these changes, swelling and softening of starch and denaturation of protein occur, which reduces the ability of dough to conduct heat (FESSAS & SCHIRALDI 2000) . Denaturation can be induced both by temperature and by denaturants (chemical denaturation). Above medium water content (> 5%) and above temperatures of ca. 75°C denaturation occurs. The denaturation temperature of proteins may differ due to the protein source, to the additives and the processing methods. According to DE GRAAF (2000) , the denaturation temperature of proteins strongly depends on the water content up to its content of ≈ 10-20%. Generally the denaturation temperature of proteins decreases from 120°C to 200°C down to 80°C between 0% and 20% (w/w) water.
With the increasing water content, a steady decrease in the denaturation temperature and an increase of the denaturation enthalpy in wheat glutenins were observed. For the water content from 26.2% to 36.0%, the temperature of denaturation ranged from 50.2 to 45.5°C (LEON et al. 2003) .
According to the above data the temperature of denaturation can significantly decrease in the case of "Mlinci" dough T-500 and "Mlinci" dough T-500 containing the additions where the moisture of the raw material was between 24.03-34.62% (Table 3 ). The temperature observed was 58°C for "Mlinci" dough T-500 and "Mlinci" dough T-500 with eggs, and 54°C for "Mlinci" dough T-500 with wheat germs and bran with which the change takes place (Table 4 and Figure 1) .
According to the literature references , the above-mentioned temperatures correspond to the temperature of gelatinisation of wheat starch (56-62°C); it can be concluded, consequently, that swelling and softening of dough, as well as the decrease in k values, are actually the result of gelatinisation. This, however, was not confirmed experimentally, since it was not the subject of this investigation.
The experimental values of "Mlinci" dough T-500 samples were compared with an additional equation which is based on the water, protein, carbohydrate, fat, fibres, and ash contents as a function of temperature in CHOI and OKOS (1985) . Maximum deviations were 12.99%, 22.43% and 27.68%, respectively, at 40°C, 50°C and 60°C. The deviation increased with increasing temperature. Several authors reported significant disagreement between the calculated and the measured values (GUPTA 1993; BAIK 2001) .
Based on the experimental thermal conductivity values of "Mlinci" dough T-500 samples at various temperatures, polynomial (k = a + bt + ct 2 ) equations were developed for the temperature range from 40°C to 70°C and density from 1013 kg/m 3 to 1087 kg/m 3 . The parameters and coefficients of correlation (R 2 ) for the equation can be seen in Table 5 . The coefficients of correlation for polynomial equation were 0.75 to 0.99.
CONCLUSIONS
From the results of measurement it can be concluded that the thermal conductivity of "Mlinci" dough T-500 and "Mlinci" dough T-500 with additions depends on the temperature and composition. The thermal conductivity values of "Mlinci" dough T-500 in the temperature range of interest in this study were lower than the thermal conductivity values for "Mlinci" dough T-500 with the additions of eggs, wheat germs and wheat bran. This 
